Intermittent pattern of mechanical stimulation has been demonstrated to possess different regulatory effects on cell metabolism in many connective tissues, but little is known about tenocyte responses. A previous study has shown that the application of a small number of continuous cyclic strain inhibited collagen synthesis by tenocytes in explants, whereas a large number of strain cycles upregulated the synthesis. Thus, the present study tested the hypothesis that collagen synthesis is influenced by cyclic tensile strain provided in an intermittent manner. A total of 43,200 cycles of tensile strain, with a 3% amplitude superimposed on a 2% static strain was provided in four different intermittent patterns with different strain/unstrain periods: 10 minutes, 1 hour, 6 hours, and 12 hours. The amount of newly synthesised collagen, both those retained in strained fascicles and released into culture media, were not significantly altered by the application of different patters of intermittent cyclic strain. The present findings may suggest that, unlike other connective tissue cells, tenocyte responses are predominantly regulated by the total number of strain cycles.
Introduction
Tendons are known to remodel their structural and mechanical integrity in response to alterations in their mechanical environment. The remodelling is thought to be mediated by mechano-responsive tenocyte metabolism (1) , although the details of tenocyte response remain to be understood. Previous in vitro studies in tendon explant models have demonstrated that the application of continuous cyclic tensile strain, within the physiological range, induces upregulation of DNA and collagen synthesis (2) , (3) , while inhibiting collagenase gene expression (4) . Enhanced levels of mechanical stimulus have, however, been demonstrated to induce tenocyte catabolism (5) , (6) . We have also demonstrated that the collagen synthesis by tenocyte in isolated tendon fascicle is dependent upon the total number of strain cycles provided in a continuous manner (7) . For example, the application of short-term cyclic tensile strain, involving 600 cycles provided over a 10 minute period, inhibited collagen synthesis, while an extended number of strain cycles, 86,400 cycles provided over a 24 hours period, upregulated synthesis.
Temporal profiles of mechanical signals are also important for regulating connective tissue cell metabolism. Previous experimental findings have demonstrated that an intermittent profile of mechanical loading enhances the metabolic activity of connective tissue cells, such as articular chondrocytes (8) and osteoblasts (9) . By contrast, other studies have reported that intermittent loading had no major effect on the rate of collagen synthesis within explants of articular cartilage (10) . These data suggest distinct mechanoregulation processes, which are
Journal of Biomechanical Science and Engineering
Vol. 4, No.4, 2009 dependent on cell model system as well as type of metabolic response. In a recent study using a tendon model system, tenocytes were subjected to a prescribed number of duty cycles, namely 86,400 cycles, distributed over a 1 day or 12 day period, in which the latter induced an enhanced catabolic response (5) . It is unclear, however, whether providing the same number of duty cycles within a range of intermittent regimes will influence the tenocyte anabolism. Accordingly we tested the hypothesis that collagen synthesis is influenced by cyclic tensile strain provided in an intermittent manner.
Materials and methods
Tendon fascicles were dissected aseptically from the tails of male Wister rats (5-month old Fig. 1(a),(b) ). Cyclic tensile strain, with a 3% amplitude superimposed on a 2% static strain at a frequency at 1 Hz ( Fig.  1(c) ), was provided in four intermittent profiles, each with distinct strain/unstrain periods: 10 minutes (I10min), 1 hour (I1hr), 6 hours (I6hours), and 12 hours (I12hrs) ( Fig. 1(d) ). A total of 43,200 strain cycles was provided in each case. Load applied to the fascicles was recorded at 10 Hz using 5N load cells (Type 31, RDP Electronics, Wolverhampton, UK). More than three fascicles were used in a single straining experiment, accompanied with three unstrained control fascicles. The experiment was repeated at least three times.
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• C. Culture media from both strained and unstrained fascicles were collected and stored until analysis. The fascicle samples were digested in 0.5 M acetic acid (Sigma-Aldrich) containing 14 mg·mL −1 pepsin (Merck) overnight at 4
• C prior to biochemical analysis.
The DNA content in each fascicle was assessed using a fluorometric technique based on Hoechst 33258 binding (11) . Briefly, 50 μL aliquots of each digested sample and an equal volume of saline sodium citrate solution containing 4.8% (v/v) of 10 M sodium hydroxide were aliquoted into the wells of a 96-well plate, along with a serial dilution of DNA from calf thymus DNA (Sigma-Aldrich) prepared at concentrations ranging from 0 to 10 μg·mL −1 in saline sodium citrate solution. This was followed by the addition of an equal volume of Hoechst 33258 (1μg·mL −1 in saline sodium citrate solution) (Sigma-Aldrich) to each well. Fluorescence was measured with a fluorometer (FLUOstar, BMG Labtechnologies Ltd., Aylesbury, UK) at an excitation wavelength at 390 nm and an emission wavelength at 460 nm. The total DNA content obtained was subsequently used as a baseline for measurements of collagen synthesis. Incorporation of [ 3 H]proline into newly synthesised collagen was determined using Sirius red precipitation (12) . To precipitate radiolabelled collagen, 250 μL of 1% (w/v) Sirius red dye in water (Direct Red, Fluka Chemicals, Poole, UK) was added to the wells of a 96-well Millipore Multiscreen filtration system (0.65 m pore size, Millipore, Watford, UK), followed by a 50 μL pepsin digested sample in 0.5 M acetic acid. The solution was vacuum aspirated and the precipitate was washed at least three times in 200 μL of 0.05 M acetic acid. The filters were dried at 37
• C, punched out into scintillation vials and incubated in 0.5 mL of 0.5 M sodium hydroxide to resolubilize precipitated [ 3 H]proline. The incorporation was determined using a scintillation counter following the addition of 4 mL of scintillation fluid (Ultima Gold, Perkin Elmer, Massachusetts, USA). The incorporation value of each strained sample was normalised to the mean incorporation value of their respective unstrained control samples (defined as 100%). Sirius red collagen binding was also used to determine total collagen content, as previously described (7) . A 50 μL aliquot of 20-times diluted digested samples or type I collagen standards from rat tail tendon (Sigma-Aldrich) prepared at concentration ranging from 0 to 200 mg·mL −1 were pipetted into individual wells of a 96-well Millipore Multiscreen plate. A solution of 1% (w/v) Sirius red in water was added to enable Sirius red precipitation onto the plate filters. The plate was washed with acetic acid and 0.5M sodium hydroxide was added to resuspend the precipitated collagen. One hundred microlitres of solution was transferred to a clear 96-well plate. The collagen content was determined from absorbance of the bound Sirius red at 540 nm, compared to the standards. For proline incorporation data, Students t-tests were performed to analyse differences between unstrained and strained samples. One-way ANOVA was performed to analyse difference in strained samples among regimes. ANOVA was also performed for biochemical data. Ryans multiple comparison followed if significant difference was found by ANOVA. A level of 5% was considered statistically significant in all statistical tests (p < 0.05).
Results
The peak load amplitude of strained fascicles exhibited a rapid reduction during the first hour of the application of cyclic strain, which was followed by a steady rate of load decay up to the end of the incubation period (Fig. 2) . At 1hour, the normalised load was between 17% (I6hrs) and 34% (I1hr) of the peak load at 1st strain cycle. This reduced to a range of 8% (I6hrs) to 23% (I1hr) at 12hrs (Fig. 2) . At most time periods, the 6 and 12 hours intermittent regimes produced a larger decline in the peak load when compared to 10 minutes and 1 hour regimes. Parameters such as absolute peak load at the 1st cycle and the time at which the peak load had decreased to 50% are summarised in Table 1 . 
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The application of the equivalent number of duty cycles (43,200 cycles) delivered with different durations of strain/unstrain periods induced no significant changes in the amount of [ 3 H]proline incorporated into newly synthesised collagen both retained in fascicles and released into the culture media (Fig. 3) . The mean percentage of incorporated proline retained in strained fascicles was 94, 105, 80, and 90% of that of unstrained samples regardless of the number of cycles in I10m, I1hr, I6hrs, and I12hrs, respectively ( Fig. 3(a) ). The mean ratio of the released incorporated proline in all strained groups was 83, 73, 78, and 84% of the level of unstrained controls in I10m, I1hr, I6hrs, and I12hrs, respectively (Fig. 3(b) ). More than 85% of the newly synthesised collagen was retained within both the unstrained controls and the strained fascicles (Table 1) , with no statistical differences between the two groups.
For I12hrs, post-dissection controls had a significantly greater dry weight and higher contents of DNA and collagen compared to unstrained and strained fascicles (Table 1) . However, when these values were normalised by tissue dry weight, there were no significant differences in DNA and collagen content between any of the three groups. Close examination of the absolute data for each of the biochemical parameters revealed no discernible differences between any of other three experimental groups ( Table 1) .
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Discussion
The present study tested the effects of four different profiles of intermittent cyclic strain, delivering a total of 43,200 duty cycles, on collagen synthesis by tenocytes. The results do not support the test hypothesis that collagen synthesis is influenced by cyclic tensile strain provided in an intermittent manner. There are no obvious reasons for these findings. However, it has been previously demonstrated in fibroblasts exposed to mechanical stretch that the actin cytoskeleton is remodelled to augment integrin-mediated focal adhesions, resulting in desensitisation of the cell to further mechanical stimulation (13) . This cell desensitisation has also been reported in other cell types. For example, in bone model systems, osteoblasts have been found to be less sensitive to cyclic mechanical stimuli, if the stimulus is applied without interruption (14), (15) . In a chondrocyte model, Burton-Wurster et al (16) demonstrated that protein production by chondrocytes in canine cartilage explants returned or exceeded unstimulated control levels, after recovery periods up to 24 hrs following an inhibitory period of static compression. Accordingly, an optimal length of stimulate/recovery period may be a prerequisite to achieve the maximum responses (8) , (15) . However, this may not be applicable when considering the regulation of tenocyte anabolism.
The interpretation of the current result, in particular the I12hrs group, with our previously reported findings (7) suggests that tenocytes demonstrate mechanosensitivity when exposed to extended periods of continuous stimulation. For example, the application of strain cycles up to 21,600 cycles exhibited an inhibitory effect on collagen synthesis by tenocytes. This effect was diminished on the continuous application of 43,200 duty cycles, whereas following 86,400 cycles, collagen synthesis was upregulated (Fig. 4) . Fig. 4 Effect of total duty strain cycles on the mean of [ 3 H]proline incorporation ratio within the matrix of strained fascicles to unstrained control fascicles. C10m, C1hr, C6hrs and C24hrs represent data of our previous experiment which provided different numbers of strain cycles to fascicles in a continuous manner (7) . C12hrs represents the data of I12hrs obtained in the present study as this regime provided 43,200 strain cycles continuously during 12 hours. Mean±SE.
This sustained mechanosensitivity of tenocyte may be attributable to highly organised actin stress fibres in tenocytes, which are thought to be highly aligned to the longitudinal axis of the tendon and linked to the stress fibres of adjacent cells, possibly forming a long stress fibre assembly throughout the tendon matrix (17) . These well-organised inter-and intra-tenocyte structures may ensure the maintenance of the overall mechanosensitivity, particularly in terms of anabolism. Indeed a previous study from our group, using the same experimental model, demonstrated using microarray technology that genes associated in cytoskeleton regulatory function were upregulated in response to continuous cyclic strain, including β-actin expression which was significantly upregulated by the application of either 1hr or 24 hrs of cyclic tensile strain (18) (the complete microarray data set is available at the NCBI Gene Expression
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Vol. 4, No.4, 2009 Omnibus (http://www.ncbi.nlm.nih.gov/geo) as series GSE12206). These findings suggest a robust mechanosensitivity in tenocytes of specific cytoskeletal components including actin. Previous findings in other connective tissue cells indicate that the different mechanisms of the cellular response to strain are necessarily uncoupled with respect to time. For example, the application of intermittent cyclic compression to chondrocytes seeded in agarose for extended periods induced an enhanced upregulation of GAG synthesis but reduced stimulation of DNA synthesis, compared to shorter periods of intermittent strain (8) . By contrast, the application of a variety of intermittent compression regimes to articular cartilage explants induced only minimal effects on the production of collagen and non-collagenous proteins (10) . With regards to tenocyte catabolism, the application of 86,400 cycles of tensile loading over 12 days induced a greater production of prostaglandin E 2 (PGE 2 ), a mediator of acute inflammatory responses in tendons, and collagenase, as well as cell apoptosis, compared to the application of the equivalent number of strain cycles over 24 hours (5) . Thus, it is highly conceivable that different pathways exist to regulate the anabolism and catabolism of tenocytes in response to mechanical stimulus. Accordingly, it is suggested that the total duty cycles is an important parameter for the upregulation of tenocyte anabolism, but the manner by which cyclic strain is applied may not be important. 
